A group of 51 neurologically normal, middle aged and elderly volunteers (aged 35-86 years; mean age 63.24 years) with and without risk factors for stroke were given annual tests of cerebral vasomotor reactivity to as sess any changes in the cerebral vascular capacitance as sociated with advancing age that might alter cerebral va somotor reactivity. Cerebral vasomotor reactivity was es timated as the difference in bihemisphere gray matter CBP measured by the 133Xe inhalation method in the steaoy state breathing room air, followed by a second measurement during inhalation of 100% oxygen. There were significant and progressive reductions in cerebral
At present, the preponderance of available data indicates that CBF decreases with advancing age (Meyer et al., 1978; Naritomi et al., 1979; Obrist, 1979; Melamed et al., 1980; Davis et al., 1983; Shaw et al., 1984) . Declines in CBF have been correlated with age using the 133 Xe inhalation or intracarotid injection methods by a heterogeneous variety of re search designs including extreme group compari sons (Obrist, 1979) and cross-sectional (Meyer et al., 1978; Naritomi et al., 1979; Melamed et al., 1980; Davis et al., 1983) and longitudinal (Shaw et al., 1984) designs. Earlier investigations using the nitrous oxide method and extreme group compari sons failed to show significant relationships be tween age and cerebral perfusion (Kety, 1956) . However, this discrepancy may be accounted for by the small sample sizes used, the fact that global vasomotor reactivity during the 4-year longitudinal study. Positive linear correlations were apparent between initial steady-state mean bihemisphere gray matter CBP levels and degrees of vasomotor reactivity, suggesting that the Law of Initial Value plays an important role. This should be borne in mind when analyzing scores of cerebral va somotor reactivity. In the present communication, anal ysis of covariance was used to correct for influences of initial CBP levels on vasomotor responses tested while breathing pure oxygen. Key Words: Aging-Cerebral blood flow-Cerebral vasomotor reactivity-Oxygen. average brain blood flow measurements were com pared, and a large measurement error for the method used (Lassen et al., 1960; Dastur et al., 1963; Gottstein and Held, 1979) . Confirmation of age-related reductions in CBF, with associated re duced glucose and oxygen utilization, has recently been provided by positron emission tomography scanning techniques (Lenzi et al., 1981; Kuhl et al., 1982) . However, not all positron emission tomog raphy laboratories that have studied different small samples of normal volunteers analyzed by cross sectional methods have reported that cerebral glu cose consumption declines with advancing age (Ra poport et al., 1983) .
Reported results concerned with relationships be tween normal aging and cerebral vasomotor reac tivity have also been inconsistent. Cerebrovascular reactivity is usually estimated as the difference be tween CBF in the steady state while breathing room air and CBF measured during inhalation of either 100% oxygen or 5% carbon dioxide. Using the 133 Xe inhalation method, Amano et al. (1983) reported age-related reductions, discovered by cross-sec tional analysis, in cerebral vasoconstrictor re sponses during inhalation of 100% oxygen among neurologically normal volunteers. Age-related de creases in cerebral vasoconstrictor and vasodilator reponses during hypocapnia and hypercapnia were also reported, utilizing cross-sectional analysis (Ya maguchi et aI., 1979; Meyer, 1980; Yamamoto et aI., 1980) . Some investigators have reported little or no difference in measures of cerebrovascular reactivity associated with normal aging (Davis et aI., 1983) , whereas others mention nonsignificant trends sug gesting reduced vasodilator reactivity with ad vancing age, as tested by 5% carbon dioxide inha lation (Schieve and Wilson, 1953) .
The present investigation was designed to clarify inconsistencies in reported data concerning rela tionships between cerebrovascular reactivity and normal aging by overcoming an important meth odological criticism of all other studies carried out to date. Cross-sectional designs have always been subject to the criticism that the same subjects are not examined after different time intervals, but in stead different groups of persons of different ages who may have individual differences are compared. For example, in extreme group comparisons, the older group may be selected as a biased and excep tional sample because of the members' alertness and productivity in the community (Dastur et aI., 1963) . Longitudinal designs overcome the problem of intersubject variability inherent in cross-sec tional studies. An important criticism of cross-sec tional studies of vasomotor responses is that there are relatively wide ranges for resting CBF values among normal volunteers of different ages. If the resting CBF values influence the vasomotor test re sponses, as has been reported (Ackerman et aI., ]973; Davis et aI., 1983) , the ability to identify small but reliable changes could be compromised by a cross-sectional design that increases the probability of a Type II error (i. e., producing negative results when an actual difference does in fact exist).
If initial steady-state CBF levels influence cere brovascular reactivity, this should be defined quan titatively, i.e., how they effect the outcome of change of scores during oxygen or carbon dioxide challenge (Law of Initial Value), in order to correct for them. The current article explores these rela tionships by means of a longitudinal design and con siders statistical methodologies that may be em ployed to adjust for them.
CASE MATERIAL AND METHODS
A cohort of middle-aged and elderly volunteers was recruited, screened, and admitted to a prospective lon-J Cereb Blood Flow Metabol, Vol. 5, No.1, 1985 gitudinal study of aging at the Veterans Administration Medical Center, Houston, TX, U.S,A., during the last 7 years. The cohort was selected to provide a sample of neurologically normal elderly subjects who would be rep resentative of the general population. Approximately half had risk factors for stroke (hypertension, diabetes, hy perlipidemia, heart disease), and the remainder did not. Volunteers were recruited by means of newspaper and magazine articles describing these studies, by contacting homes for the elderly, and by seeking volunteers from friends and relatives of the investigators. These subjects are participating in ongoing prospective studies of aging, which currently are entering the seventh year. Volunteers return to the laboratory on a regular basis and are ex amined by the authors, who maintain records of their medical histories including laboratory tests such as com plete blood count, urinalysis, blood chemistry, electro cardiogram, and roentgenogram as indicated.
Subjects selected for admission to the study had no signs or symptoms of neurologic or cerebrovascular dis ease at the time of entry. They all presented in excellent health and were active and able to care for themselves. Electroencephalograms, electrocardiograms, and stan dard laboratory tests including hematocrit and hemo globin were all within normal limits. Subjects were ex cluded if they presented with any history or signs or symptoms of pulmonary or cerebrovascular disease.
From a larger study of aging and CBF, 58 subjects were randomly chosen to participate in the present prospective study of cerebral vasoconstrictor responses during 100% oxygen inhalation. Protocols describing the study and the informed consent forms used for obtaining permission for CBF measurements were approved by the institutional review boards of the V.A. Medical Center, Houston, and Baylor College of Medicine. During the course of the study, seven subjects developed symptoms of cerebro vascular disease. Data from these cases were excluded, since it is well known that cerebral infarction reduces cerebrovascular reactivity and previous studies have shown that CBF becomes reduced 2 years prior to the appearance of symptoms of stroke (Meyer et aI., 1984) . The remaining 51 subjects agreed to return for annual visits during the 4 years of follow-up. The current co munication describes CBF measurements of these sub jects as they first breathed room air and later as they breathed 100% oxygen. Ta ble 1 shows the number of sub jects participating at each yearly interval, their average ages, and the number of men and women present in each group. As with almost all longitudinal studies, there were a small number of dropouts or missed visits, but there were no changes in mean age for the groups at each visit other than the expected yearly increase. There were no changes in the ratio of males to females, which is another factor that might possibly influence changes in CBF mea surements.
Serial CBF measurements were administered to all subjects during their initial visits and at subsequent visits, which were scheduled annually. The initial steady-state 133Xe inhalation CBF measurements were made while the subjects breathed room air. These steady-state measure ments were followed by repeated measurements under the same conditions, except that 100% oxygen was sub stituted for air at -10 min prior to and throughout the procedure. End-tidal partial pressures for oxygen (P E 02) and carbon dioxide (P E C02) were monitored throughout the CBF procedures, and the second CBF determination was not made until these values had stabilized. Approx imately 30 min elapsed between trials to ensure clearance of residual 133Xe.
The CBF measurements were made after I-min inha lation of a 4-to 8-mCi mixture of 133Xe in air or oxygen used as the tracer, followed by a lO-min interval for re cording de saturation. The rates of clearance of the iso tope were measured from both cerebral hemispheres by means of 14 collimated sodium iodide crystal detectors held in place by a lead-shielded helmet. These were lo cated, seven to each hemisphere, over frontal, temporal, parietal, and occipital regions. Fast-component flow values (F I ) were derived by a modification of the Fick principle, using the first compartment of a two-compart ment model. Recirculation was corrected for by decon voluting the end-tidal 133Xe curve with the head curve, since this curve may be assumed to be in equilibrium with the arterial blood (Obrist et aI., 1975; Meyer et aI., 1978; Baron et aI., 1979) . The F I component derived in this manner has been shown to correlate well with cerebral gray matter blood flow.
Blood pressure values were measured prior to each CBF measurement, and respiratory rate, electroenceph alogram, and electrocardiogram were monitored by means of a polygraph throughout. P E C02 and P E 02 were sampled from the expired air by means of a capnograph and an oximeter.
Research design and statistical analyses
The study was designed to utilize a cross-cohort lon gitudinal approach for determining age-related changes in cerebrovascular reactivity. To achieve this, a group of subjects ranging in age from 35 to 86 years was followed over a 4-year interval with annual measurements of ce rebrovascular reactivity.
Correlation analyses were also performed between ini tial F I levels and absolute cerebrovascular reactivity scores (L�FI)' To determine longitudinal effects of aging on I1F I levels, a repeated-measures one-way analysis of covariance was used, in which the change in mean bi hemispheric gray matter blood flow between serial steady state and 100% oxygen trials was the dependent measure To assess the relative effects of aging in non-risk-fac-tored versus risk subjects, regression analyses of age on O2 reactivity (I1F I ) during the initial visit were performed while the effects of initial F I values were partitioned. Ad ditionally, a regression analysis between age and FI values was calculated. Figure 1 illustrates the correlation between mean bihemispheric steady-state gray matter (F 1 ) values and the indices of vasocontriction measured as the mean difference in FI values (�Ft) between steady state and 100% oxygen trials. A statistically signif icant correlation (r = 0. 46, p < 0.001) was evident between these two variables (Fig. I) . A test for the significance of a straight-line model (Kleinbaum and Kupper, 1978) was significant (p < 0.001), indi cating that the correlation was primarily linear in nature. The regression model for the relationship between vasomotor reactivity (�Ft) and initial steady-state values (Ft) can be expressed as �Ft = 0.29Ft -14. 40. The mean Ft values for the initial visit and yearly follow-up visits were 72. 8, 71.2, 67.5, 69.7, and 68. 7 mlllOO g/min.
RESULTS
Results of the analysis of covariance indicate that vasomotor reactivity was progressively and signif icantly reduced (p < 0. 01) during the 4-year interval after the initial visit. Figure 2 illustrates mean re duction in �F] over successive annual measure ments. Mean �FI values in Fig. 2 represent the un adjusted absolute differences between steady state and 100% oxygen trials (5.82, 4.63, 4.88, 3.18, and 3. 03 mlllOO g/min), whereas group means after linear adjustment for covariation were 5.20, 4.34, 5.53, 3.26, and 3. 11 mil 100 g/min for the initial visit and the 4 subsequent yearly follow-ups. The effect of correction for initial steady-state F] values by covariate analysis was statistically significant (p < 0. 0 1). There were no differences at any time over the 4-year testing interval for mean values of WI' PEOZ PEC02, or rates of respiration before or after 100% oxygen inhalation.
The regression analyses indicated that age was significantly related to �F in both subjects not at risk (13 = 0.14, p < 0.05) and subjects with risk factors for stroke (13 = 0.27, p < 0.05). However, the slope of the regression line in risk-factored sub jects was almost twice that seen in the nonrisk group. There was also a significant relationship be tween age and FI values during the initial visit.
DISCUSSION
As illustrated in Fig. 2 , cerebral vasoconstriction during a 100% oxygen inhalation challenge became significantly reduced in a middle-aged to elderly but neurologically normal population throughout a 4- 
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year interval of follow-up, and these reductions showed significant linear trends. These results are interpreted, at least in part, as evidence for the loss of elasticity and increased rigidity of cerebral ves sels with advancing age and/or of subclinical ath erosclerosis. They are in agreement with earlier re ports (Schieve and Wilson, 1953; Yamaguchi et al., 1979; Yamamoto et al. , 1980; Amano et al. , 1983) of reductions in cerebral vasomotor reactivity tested by 100% O2 or 5% CO2 inhalation or hyper ventilation. However, other investigators have not observed age-related reductions in cerebral vaso dilator capacitance during 5% CO2 inhalation, using a cross-sectional design (Davis et al., 1983 ). t.F 1 Iml/1 00gm/minl that exist between initial Fj levels and all indices of vasomotor reactivity so far examined, as stressed by Ackerman et al. (1973) . Wilder (1953 Wilder ( , 1962 Wilder ( , 1965 Wilder ( , 1967 first described the Law of Initial Value as a relationship that frequently exists between baseline physiological measures and subsequent responses to a stimulus that reproducibly either raises or lowers the measure from baseline levels. Described by Wilder and confirmed by others (Benjamin, 1963; Surwillo and Arenberg, 1965; White, 1977) , the Law of Initial Value states, "The higher the initial level, the smaller the response to function raising agents and the greater the response to func tion-depressing agents." The validity of the Law of Initial Value has been confirmed using a wide va- 
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riety of physiological responses, including changes in heart rate, respiration rate, blood pressure, blood sugar level, and salivation (Benjamin, 1963; Hord et aI., 1964; Hutt and Hutt, 1970; White, 1977) . The existence of the Law of Initial Value for a particular variable can be established as the product-moment correlation coefficient between initial measures and induced change scores (Ben jamin, 1963) . For vasomotor reactivity, Ackerman and associates (Ackerman, 1973; Ackerman et aI. , 1973) were able to demonstrate that steady-state FJ values, divided by mean arterial blood pressures, were linearly correlated to percentage change in FJ values divided by the change in expired CO2, Ap plication of this formula indirectly suggests that ini tial steady-state FJ values influence vasodilator re sponses to changes in expired CO2 in keeping with the Law of Initial Value (Ackerman, 1973) . Results of the current study directly demonstrate that initial FJ values are positively correlated with AFJ values during a 100% O2 vasoconstrictor challenge.
Three statistical methods have been proposed for use in situtations in which a comparison of the mag nitude of change from baseline is the dependent measure. The most widely accepted method among statisticians of correcting scores for influences of the Law of Initial Value is to perform analysis of covariance, in which difference scores are used as the dependent measure and initial or baseline values are entered as the covariate (Benjamin, 1963) . The analysis of covariance computes the correlation be tween initial and change scores and mathematically eliminates any influence of the Law of Initial Value from the analysis. By definition, this ensures that the correlation between the adjusted score and ini tial levels is zero, thereby eliminating any possible influence due to the Law of Initial Value as long as the relationship is linear. There is ample evidence to confirm that this relationship is in fact linear (Lacey, 1956; Bridger and Reiser, 1959; Block and Bridger, 1962; Lacey and Lacey, 1962; Benjamin, 1963) . Results of the present study further confirm the linearity of the relationship.
Another possible method of analyzing data sug gested by Oken and Heath (1963) is the use of the raw change of scores (difference between pre-and poststimulus levels). In this case, spurious confir mation of group differences may result from the op eration of the Law of Initial Value, owing to differ ences in initial levels of FJ values between groups, since no correction is provided by this type of anal ysis. A final method with intuitive appeal is the uti lization of percentage change of scores. Utilizing percentage change of scores satisfies only the cri terion that the correlation between initial levels and change scores be equal to zero in an extremely im probable instance where poststimulus scores are exactly the same as prestimulus scores (Garside, 1956) .
The study of Davis et al. (1983) reported negative age-related reductions in vasomotor reactivity using percentage change of scores during a 5% CO2 chal lenge. Other studies that used raw change of scores to the inhalation of 5% CO2 (Yamaguchi et aI., 1979; Meyer, 1980; Yamamoto et aI., 1980) found signifi cant age-related declines, whereas Amano et ai. (1983) found significant age-related reductions in percentage change of scores during inhalation of 100% O2, The differences in results between these studies may be explained by the different method ological approaches and biostatistical strategies used. The current results are based on widely ac cepted methods of statistical analysis, which offer a method designed to effectively remove effects due to differences in initial FJ levels.
We wish to emphasize that the Law of Initial Value is not considered the only factor responsible for declines in vasomotor reactivity with advancing age because of the bidirectional nature of these re ductions. Cerebral vasodilation during 5% CO2 in halation shows positively correlated reductions with advancing age just as vasoconstriction in re sponse to 100% O2 inhalation likewise becomes pro gressively reduced. The Law of Initial Value by def inition would predict the opposite; i.e. , CBF in creases during CO2 inhalation (a function raising stimulus or vasodilator) should become increased in elderly patients because of their reduced steady state FJ levels. Thus, the Law of Initial Value would result in the attenuation of CO2 responsiveness and accentuation of O2 responsiveness, which necces sitates correcting for this factor whenever either procedure is employed.
The most likely explanation for reduced vaso motor reactivity with advancing age would be pro gressive rigidity of cerebral vessels secondary to atherogenesis (Bierman and Ross, 1977) . No doubt, other structural and biochemical changes in cere bral vessels that occur with advancing age con tribute to the loss of vasomotor responses, such as decreases of CO2 production and O2 consumption and change in the synthesis of neurotransmitters and neuromodulators (Amano et aI., 1983) .
During the 5-year interval of the study, O2 reac tivity was reduced by �48%, which appears to be excessive. However, several factors can be identi fied that might have contributed to these steep de clines in vasomotor reactivity. First, about half of these subjects had risk factors for stroke and ath erogenesis. As can be seen from the data analysis, these subjects had a much greater decline in O2 reactivity than their nonrisk counterparts. Previous data from this laboratory (Meyer et aI., 1984) indi cated that subjects who develop cerebrovascular disease have reduced CBF levels several years be fore symptoms first appear. Some of the decline may be due to "subclinical" atherosclerosis. An other factor that contributes to the steepness of the decline in vasomotor reactivity is the age of the cohort being studied. Earlier reports indicate that vasomotor reactivity disappears almost entirely be tween the sixth and eighth decades of life (Amano et aI., 1983) . Also, as mention e d earlier, the Law of Initial Value would tend to accentuate differences in vasoconstriction in response to oxygen inhala tion, which is supported by the fact that the de crease across 4 years changed from 48 to 41 % when scores were adjusted for covariance. Subjects will have to be followed f or a more extended period of time to better delineate the nature and magnitude of declines in vasomotor reactivity with age.
